A widely used principle is that shifts in the wavenumber of carboxylate stretching modes upon bonding with a metal centre can be used to infer if the geometry of the bonding is monodentate or bidentate. We have tested this principle with ab initio modelling for aqueous metal carboxylate complexes and have shown that it does indeed hold. Modelling of the bonding of acetate and formate in aqueous solution to a range of cations was used to predict the infrared spectra of the metal-carboxylate complexes, and the wavenumbers of the symmetric and antisymmetric vibrational modes are reported. Furthermore, we have shown that these shifts in wavenumber occur primarily due to how bonding with the metal changes the carboxylate C-O bond lengths and O-C-O angle.
Introduction
In their 1980 review of infrared (IR) spectra of acetate and trifluoroacetate complexes Deacon and Phillips proposed guidelines for identifying the type of bonding between a carboxylate anion and a metal containing species. Specifically, they considered the symmetric and antisymmetric vibrations of the carboxylate group, and studied how the difference between the wavenumbers of the symmetric and antisymmetric peaks (a property termed delta, ) changes upon bonding. [1] The types of bonding are illustrated in Figure 1 . They proposed that for monodentate bonding (also known as unidentate bonding),  increases compared to the free anion; for bidentate chelating  decreases; and for bidentate bridging  remains similar to the free anion. [1] There has been further work in recent years and Nakamoto's book Infrared and Raman Spectra of Inorganic and Coordination Compounds provides an overview of this area. [2] It has been observed that carboxylate bond angle and length are related to the wavenumbers of the vibrational peaks, but that there are other factors as well. [1] The guidelines proposed by Deacon and Phillips are useful for understanding the type of bonding for a particular metal carboxylate, however, as there are known exceptions, the guidelines must be applied judiciously. Indeed, Deacon and Phillips urged caution when applying their guidelines to other carboxylates, stating "it would be unwise to extrapolate to more complex carboxylates". Their paper has been cited over 3,000 times and while many authors use the guidelines to help discussion [3] , there are cases in the literature where the guidelines are taken as an absolute rule.
[4] Such guidelines are useful when interpreting experimental IR spectra in cases where carboxylate anions bond to metal containing species in an immense range of fields, including protein structures [3f, 3p, 5] , activity of pharmaceuticals [6] , fatty acid monolayers [7] , the structure of cross linked polymer gels [8] , photochemical systems in solar cells [3m, 3q, 3s, 4c, 9] , and control of the morphology of micro-and nanocrystals [3d, 10] . Although many of these systems occur in aqueous solution, the guidelines are based on x-ray data from solid state measurements. Monodentate bonding, where one oxygen atom is bonded to the metal cation; n1 is the C-O bond length of the unbound oxygen (shorter) and n2 is the C-O bond length of the oxygen bonded to the metal cation (longer). (c) Bidentate chelating bond, where both oxygen atoms bond to the metal cation, and  is the O-C-O bond angle which is more acute than that of the free anion. (d) Bidentate bridging, where one metal cation is bonded to each oxygen atom, (not investigated in this work).
The guidelines of Deacons and Phillips have been widely used and the approach has been quite useful although it has not yet been rigorously validated. This work sets out to investigate the bonding of a range of cations to acetate and formate in aqueous solution using ab initio modelling. Specifically, we investigate how bonding with metal cations affects the IR spectra of carboxylate compounds. There have been ab initio studies of the bonding of carboxylates to metal cations [11] and to metal [12] and metal oxide [13] surfaces for specific systems, in addition to the experimental IR spectra. These simulation results generally do follow the guidelines but there has not been a fundamental investigation to explain why the  values change as they do. It is also noted that many of these studies did not investigate aqueous systems, and therefore do not consider the effects of solvation, which are particularly important for ionic species.
Results and Discussion
The approach taken here is to initially examine the role that bond angle and bond length play in shifting IR spectra of carboxylate compounds. We then relate these findings to calculated IR spectra for these carboxylates when bonded to a range of metal cations. Bidentate bonds are effectively symmetric, as such, varying the bond angle is proposed to simulate (mimic) the influence of bidentate bonding on the energy, geometry and resulting IR spectra of carboxylate anions participating in bidentate bonds. Monodentate bonds result in the carboxylate containing one double C=O bond and one single C-O bond, as such, varying the bond length of one C-O bond while allowing the other to relax is proposed as a mimic of monodentate bonds. A bidentate bond involves the cation bonding to both of the carboxylate oxygen atoms; accordingly the C-O bond lengths are likely to be equivalent to one another, but the O-C-O bond angle will change from that observed in the free anion. The effect of the bidentate bond on the carboxylate is modelled by specifying the carboxylate bond angle over a range of values and allowing the bond lengths to optimize. Vibrational wavenumbers of the structures with the various bond angles are then calculated so as to determine the effect that geometry alone has on the wavenumber of the symmetric vibration of the carboxylate group (s), the wavenumber of the antisymmetric vibration of the carboxylate group (as), and the difference between the two (. A cartoon of this process is shown in Figure 1 (c). Figure 2a shows the wavenumbers plotted against bond angle over the range of 115° to 130°. The general trend in as is that it increases with increasing bond angle. The value of s remains roughly constant below the bond angle of the free, aqueous carboxylate anion and decreases with increasing bond angle. The overall effect is for to decrease as the O-C-O bond angle becomes more acute. Assuming that bidentate chelating bonds result in smaller carboxylate bond angles than the free solution structure, this result for aqueous complexes is in accordance with the experimental guideline [1] that bidentate bonds result in a smaller . For formate, the values of as range from 1498 to 1658 cm -1 , while s range from 1287 to 1387 cm -1 .
For acetate, the values of as range from 1507 to 1633 cm -1 , while s range from 1268 to 1483 cm -1 . Discontinuities in the acetate s plot occur at transitions between the individual vibrational modes that have the highest intensity. A monodentate bond involves one oxygen atom (in the carboxylate) forming a single bond to a metal atom. This allows the other oxygen atom to form a C=O double bond. As such, a mimic for monodentate bonding is proposed where one C-O bond length is specified while all other bonds are allowed to relax. Figure 2b shows the specified bond length plotted against the wavenumber for formate and acetate, over a range of 1.20 Å to 1.28 Å. For both formate and acetate as decreases significantly with increasing bond length. However, s is relatively invariant, increasing slightly to a maximum at just below the bond length of the relaxed free aqueous anion structure, then decreasing at greater bond lengths. Having seen the effects on as and s achieved by the mimics, these are now compared to systems where acetate forms complexes with metal cations in aqueous solution. Figure S1 in the Supporting Information.
The antisymmetric vibrational wavenumbers of the bidentate complexes are plotted against the carboxylate bond angle for acetate in Figure 3a . All bond angles of the cation-carboxylate anion systems are lower than that of the free, aqueous carboxylate anion. The bidentate geometries follow the same trend as the bidentate mimics and as decreases with decreasing bond angle, however, the mimic overestimates as by up to 20 cm -1 . The as values for monodentate systems do not follow the prediction of the monodentate mimic as to how this vibrational frequency would change with bond angle, but instead increase with decreasing bond angle ( Figure 3b ). This is not surprising as the bond angle is not expected to be influenced significantly by monodentate bonding. When the metal cations bond to the carboxylate anion, the metal centre influences both carboxylate bond lengths, n1 and n2.
Both bond lengths of all the bidentate systems are greater than those in the aqueous carboxylate anion. The monodentate systems have one C-O bond that is shorter (n1) and one that is longer (n2) than that of the aqueous carboxylate anion. In Figure  3c , the antisymmetric vibrational wavenumber is plotted against n1 for the metal cations that form monodentate bonds with acetate. The as of monodentate systems with acetate follow the same trend as the monodentate mimics and decrease with bond angle; however the formate mimic (shown in Figure S1 in the Supporting Information) overestimates as by around 30 cm -1 . In Figure 3d , one sees that the bidentate geometries also follow the bidentate mimics for bond length and as decreases with bond length. In the Supporting Information ( Figures S2 and S3 The bottom two panels show the influence of bond length where (c) compares the monodentate mimic result (solid line) to the acetate-metal cation monodentate complexes; and where (d) compares the bidentate mimic result (dashed line) to the acetate-metal cation bidentate complexes. Note, the solid lines indicate that the property was specified in the simulation and the dotted lines indicate the property was allowed to relax.
To further investigate the nature of metal carboxylate bonding,  is plotted against the bond energy for acetate in Figure 4 . The trend (also observed for formate, shown in Figure S5 in the Supporting Information) is that for bidentate geometries  gets smaller as the magnitude of the bond energy increases, while for monodentate geometries  gets larger as the magnitude of the bond energy increases. The stronger the bonding (of either sort), the greater the deformation and so the greater the influence on  both as and s change as a function of bond energy (see Figure S6 in Supporting Information). For bidentate geometries, the as wavenumber gets lower as the magnitude of the bond energy increases while for monodentate geometries the as wavenumber gets higher as magnitude of the bond energy increases. For bidentate geometries the s wavenumber does not change significantly, while for monodentate geometries the s wavenumber decreases slightly. This reveals that  is dominated by as. Also of note is that, for any given metal, the bidentate complexes are more stable than the monodentate complexes. This is somewhat surprising as experimental IR spectra of aqueous zinc-and copper-acetate systems lead to greater values of , consistent with monodentate bonding.
[3e]
However, real metal carboxylate compounds such as these may involve multiple anions and cations (as well as solvent molecules), and we suggest that the treatment of larger structures would be required to fully describe bonding in the metal carboxylates. Future work will examine these possibilities in order to explain what is seen in experimental spectra. This work has revealed that changes in s and as (and therefore ) for a range of metal acetate and formate complexes can be described largely by changes in the C-O bond lengths for monodentate structures and by changes in the O-C-O angle for bidentate structures. This provides theoretical validation for the experimental guidelines of Deacon and Phillips. There are, however, remaining differences in calculated s and as values relative to those inferred purely from the structural mimics, and we now consider what else might contribute to shifts in these vibrational modes. The metal-oxygen bond length does not correlate to changes in the wavenumbers (illustrated in the Supporting Information Figure S4 ) and so is determined to be unimportant. It can be seen in the Supporting Information ( Figures S7 and S8 and related text) that the bidentate mimic successfully predicts the bond lengths of bidentate chelating species relative to each other, but over predicts bond lengths at a given bond angle. The monodentate mimic does not capture the bond angle behavior and under-predicts the length of n2. The monodentate mimic has a delocalized electron, however this is not the case for monodentate metal-carboxylate systems; this may account for the differences between the mimics and the metal-carboxylate complexes. This can be quantified by examination of the Mulliken partial charges (Figures S9 and  S10) . [18] Compared to the metal-carboxylate complexes, the mimics (both monodentate and bidentate) underestimate the value of the partial charge on each of the oxygen atoms as well as the carbon atom.
Conclusions
The guidelines of Deacon and Phillips, which relate the change in the vibrational modes to the type of bonding occurring, are widely used and have been applied beyond their original scope. This work has provided a theoretical validation of the guidelines for cases of acetate and formate bonding with metals in aqueous solution. A monodentate bond will lead to a greater  (increase in difference in wavenumber between the symmetric and antisymmetric stretching modes of the carboxylate group) than non-bonded ionic carboxylates, while a bidentate chelating bond will lead to a smaller . Furthermore, the fundamental causes of the changes in  have been demonstrated to be primarily due to the carboxylate bond lengths and angles. It has been seen that almost the entirety of the effect of a bidentate bond comes from how the bond with the metal containing species reduces the carboxylate bond angle. A significant proportion of the effect of a monodentate bond comes from how the metal containing species affects the carboxylate bond lengths. The main cause of the shift in wavenumbers is geometry, i.e. changing bond length results in larger delta while decreasing bond angle results in slightly decreased delta. These changes in geometry are related to the bonding configuration; monodentate lengthens one bond and shortens the other, while bidentate reduces the bond angle. The partial charges of the atoms in the carboxylate group also affect the wavenumbers of the vibrational modes. The analysis herein will aid understanding of future experimental results and provides confidence in the use of the guidelines for aqueous systems.
Computational Methods
First, the carboxylate bond angles and lengths are specified to mimic bidentate and monodentate bonding, then metal cation-carboxylate anion systems were investigated; the wavenumbers of their vibrations are examined to understand the influence of the carboxylate geometry on the IR spectra. In Sutton et al. 2015 [14] it was shown that using the M05-2X/cc-pVTZ level of theory with the SMD solvent model [15] for modelling the vibrational wavenumbers of free carboxylate anions in aqueous solution a mean unsigned error of 4 cm -1 for a and 28 cm -1 for s was obtained. This model chemistry was originally proposed for modelling carboxylic acids in Sutton et al. 2012 [16] by determining the most accurate methods to calculate the pKa. This model chemistry is utilized in this investigation. All calculations are performed using Gaussian 09. [17] Further details of the computational method are detailed in the Supporting Information.
